Background Plants are exposed to ever changing and often unfavourable environmental conditions, which cause both abiotic and biotic stresses. They have evolved sophisticated mechanisms to flexibly adapt themselves to these stress conditions. To achieve such adaptation, they need to control and coordinate physiological, developmental and defence responses. These responses are regulated through a complex network of interconnected signalling pathways, in which plant hormones play a key role. Strigolactones (SLs) are multifunctional molecules recently classified as a new class of phytohormones, playing a key role as modulators of the coordinated plant development in response to nutrient deficient conditions, especially phosphorus shortage. Belowground, besides regulating root architecture, they also act as molecular cues that help plants to communicate with their environment. Scope This review discusses current knowledge on the different roles of SLs below-ground, paying special attention to their involvement in phosphorus uptake by the plant by regulating root architecture and the establishment of mutualistic symbiosis with arbuscular mycorrhizal fungi. Their involvement in plant responses to other abiotic stresses such as drought and salinity, as well as in other plant-(micro)organisms interactions such as nodulation and root parasitic plants are also highlighted. Finally, the agronomical implications of SLs below-ground and their potential use in sustainable agriculture are addressed. Conclusions Experimental evidence illustrates the biological and ecological importance of SLs in the rhizosphere. Their multifunctional nature opens up a wide range of possibilities for potential applications in agriculture. However, a more in-depth understanding on the SL functioning/signalling mechanisms is required to allow us to exploit their full potential.
Introduction
The most important assignment of modern agriculture is to provide global food security in a sustainable manner.
Fifty years ago, the challenge to feed the growing world population was solved by the development of new high-yielding crop varieties and high-intensity agricultural management (Gianinazzi et al. 2010) . However, optimal production of these improved varieties/strategies could not be achieved with the natural reserves of nutrients available in most soils. Thus, chemical fertilizers containing nitrogen, phosphorus and potassium (NPK) became an indispensable source of the nutrients required for proper crop growth and food production. However, the cheap source of one of these nutrients, rock phosphate, will be exhausted in a few decades (Cordell et al. 2009 ). Therefore, there is a need to develop new agronomical strategies to optimize phosphorus (P) usage. Plants can only assimilate P in its inorganic mineral phosphate form, which is usually present in only low concentrations and is rather immobile in the soil, which results in P deficiency (Péret et al. 2011; Schachtman et al. 1998 ). To cope with P deficiency, plants have evolved a wide array of adaptive responses in plant growth, development, metabolism and interaction with soil microorganisms (Péret et al. 2011; Rouached et al. 2010; Smith and Read 2008) .
Strigolactones (SLs) are multifunctional molecules classified as a new class of phytohormones that controls several different processes in plants. They play a pivotal role as modulators of the coordinated development of roots and shoots in response to nutrient deficient conditions, especially phosphorus shortage. Accordingly, SLs regulate above-and belowground plant architecture, adventitious root formation, secondary growth, reproductive development and leaf senescence (Agusti et al. 2011; Gomez-Roldan et al. 2008; Kapulnik et al. 2011a; Kohlen et al. 2012; Rasmussen et al. 2012; Ruyter-Spira et al. 2011; Umehara et al. 2008; Yamada et al. 2014 ). However, novel roles for SLs are emerging, for example, recently they were also shown to play a role in defence responses (Torres-Vera et al. 2014) . Despite their importance as plant hormones, they were initially identified as signalling molecules in the rhizosphere. Here, SLs act as host detection cues for root parasitic plants of the Orobanchaceae and symbiotic arbuscular m y c o r r h i z a l ( A M ) f u n gi f r o m th e p h y l u m Glomeromycota ( Fig. 1) (Akiyama et al. 2005; Bouwmeester et al. 2007; López-Ráez et al. 2011b ). More recently, a role for SLs in another important plant-symbiotic microorganism interaction in the rhizosphere, nodulation, was described ( Fig. 1) (Foo and Davies 2011; Soto et al. 2010) .
SL biosynthesis and signalling
SLs are mainly produced in the roots and secreted into the rhizosphere, but biosynthesis also has been suggested to occur throughout the plant, although at low or even undetectable levels (Dun et al. 2009; Xie et al. 2010) . They are produced at extremely low levels, being active at pico-and nanomolar concentrations, and are unstable in the soil, which hampers their isolation and characterization (Xie et al. 2010) . To date 19 different SLs have been characterized, but it has been estimated that the total number of natural SLs might be over 1000 (Akiyama et al. 2010; Ćavar et al. 2014; Zwanenburg and Pospíšil 2013) . They have been detected in a wide range of monocotyledonous and dicotyledonous plant species, and each plant is producing a blend of different SLs depending on the species (Ruyter-Spira et al. 2013; Xie et al. 2010) . All natural SLs isolated and characterized so far have a similar chemical structure, with a structural core consisting of a tricyclic lactone (the ABC-rings) connected via an enol ether bridge to a butyrolactone group (the D-ring) ( Fig. 1) (Ćavar et al. 2014; Xie et al. 2010) . The bridge between the C-and D-rings can be rapidly cleaved in aqueous and/or alkaline environments, resulting in their short-lived character, which supports their role as signalling molecules (Akiyama et al. 2010; Xie et al. 2010; Zwanenburg and Pospíšil 2013) . SLs have recently been classified into two groups of diastereoisomers, the strigol-type and the orobanchol-type, depending on their C-ring orientation ( Fig. 1) Zwanenburg and Pospíšil 2013) . The AB-rings are less conserved than the CD-rings and can be decorated or modified by for example methylation, hydroxylation, acetylation, etc., giving rise to the different SLs known today (Akiyama et al. 2010; Zwanenburg and Pospíšil 2013) . The stereochemistry and structural features of the different SLs are important for their biological activity. For example, the CD part is essential for the parasitic weed seed germination inducing activity, but modifications in the A-ring have little effect on this activity (Akiyama et al. 2010; Xie et al. 2010; Zwanenburg and Pospíšil 2013) . For their hyphal branching inducing activity in AM fungi the D-ring is also essential, but the bridge between the CD-rings does not necessarily have to be an enol ether (Akiyama et al. 2010; Zwanenburg and Pospíšil 2013) . Akiyama and co-workers also showed that the hyphal branching activity depended on the modifications on the AB-ring (Akiyama et al. 2010; Zwanenburg and Pospíšil 2013) . The presence of the D-ring is also necessary for hormonal activity of SLs (Boyer et al. 2012 ). In addition, Boyer and coworkers showed that lipophilicity is an important factor for this activity, with the SLs having a hydroxyl group on the AB-rings being more active (Boyer et al. 2012) .
SLs biosynthetically derive from the carotenoids (López-Ráez et al. 2008a; Matusova et al. 2005) through the conversion of all-trans-β-carotene to 9-cis-β-carotene mediated by a β-carotene isomerase (D27) (Alder et al. 2012 ). 9-Cis-β-carotene is transformed into carlactone by sequential oxidative cleavage by two carotenoid cleavage dioxygenases (CCD7 and CCD8) (Alder et al. 2012) , and thus SLs belong to the apocarotenoids, as the phytohormone abscisic acid (ABA) (Ohmiya 2009; Walter and Strack 2011) . In rice, carlactone is then converted into the strigolactone ent-2′-epi-5-deoxystrigol by a cytochrome P450, Os900, that is homologous to Arabidopsis MAX1 . Another rice MAX1 homolog, Os1400, then converts ent-2′-epi-5-deoxystrigol into orobanchol . Rice has five MAX1 orthologs, of which fourOs900, Os1400, Os5100 and Os1900 -were shown to rescue the Arabidopsis max1 mutant phenotype (Challis et al. 2013; Cardoso et al. 2014) . Although upon expression in Nicotiana benthamiana Os5100 and Os1900 catalysed the conversion of carlactone into ent-2′-epi-5-deoxystrigol (and minute amounts of 5-deoxystrigol), this occurred with very low efficiency, just as for Arabidopsis MAX1 . The application of labelled carlactone to Arabidopsis resulted in the formation of a product called SL-LIKE1 and not ent-2′-epi-5-deoxystrigol (Seto et al. 2014) , although the level of the latter compound may have been beyond the detection level. SL-LIKE1 was recently identified as methyl carlactonate and showed that it is biologically active in inhibiting shoot branching in Arabidopsis (Abe et al. 2014) . Therefore, it seems that in Arabidopsis the thus far reported canonical strigolactones (Goldwasser et al. 2008; Kohlen et al. 2011) or artefacts. That could imply that MAX1 and the rice MAX1 orthologs Os5100 and Os1900 have a different enzymatic activity than rice MAX1 orthologs Os900 and Os1400. Interestingly, although Os1400 is absent in the rice cultivar Bala, this line still produces orobanchol. Therefore, there must be an as yet unidentified cytochrome P450 present in the rice genome that has a similar activity as this MAX1 orthologue Cardoso et al. 2014) . Since Arabidopsis MAX1 also lacks the capacity to convert ent-2′-epi-5-deoxystrigol to orobanchol, the minute amounts of orobanchol observed in Arabidopsis root exudates are also likely to result from a similar mechanism .
SL perception and signalling require an F-box leucinerich repeat protein (MAX2) and an α/β-hydrolase (D14) (Gomez-Roldan et al. 2008; Hamiaux et al. 2012; Umehara et al. 2008 ). Binding of SLs by D14 enables their interaction with MAX2 and this complex facilitates the degradation of the target protein D53 and the transcriptional effector BES1 via the ubiquitin-proteasome system Wang et al. 2013; Zhou et al. 2013 ), a similar mechanism as for gibberellin perception and signalling. D53 is a class I Clp ATPase protein which acts a repressor of SL signalling, and its degradation prevents axillary-bud outgrowth in rice Zhou et al. 2013) . Interestingly, it has been suggested that SLs promote proteasome-mediated degradation of D14 in Arabidopsis, thus limiting their own signalling by a negative feedback loop (Chevalier et al. 2014) .
In the present work, we review the current knowledge on the different roles of SLs in the rhizosphere, paying special attention to their involvement in phosphorus uptake by the plant. We focus on their ability to regulate root system architecture and to favour symbiosis establishment with beneficial microorganisms such as AM fungi and rhizobia. Finally, because of their multifunctional character, the potential use of SLs to develop new more sustainable agricultural strategies will be discussed.
SLs and root system architecture
One of the functions of SLs below-ground is to regulate root development in response to phosphorus shortage (De Cuyper et al. 2015; Kapulnik et al. 2011a; Koltai 2011; Ruyter-Spira et al. 2011) . Interestingly, SL biosynthesis is promoted by P-limiting conditions (Table 1 ) (Foo et al. 2013b; López-Ráez et al. 2008a; Yoneyama et al. 2007 Yoneyama et al. , 2012 , and it has been suggested that they play a pivotal role as modulators of the coordinated development of roots and shoots under these unfavourable conditions. On the one hand, increased SL production suppresses the outgrowth of axillary branches/tillers Umehara et al. 2010) , while at the same time they affect various aspects of root growth all aimed to improve phosphate foraging (Mayzlish-Gati et al. 2012; Ruyter-Spira et al. 2011; Sun et al. 2014) .
Changes in root development during P starvation have been most intensively studied in Arabidopsis. Here, it was shown to stimulate lateral root and root hair formation, as well as their subsequent development, and to inhibit primary root growth (Fig. 2) (reviewed by Niu et al. 2013) . In maize and rice, P starvation inhibits lateral root formation, while it promotes primary root growth (Li et al. 2012; Sun et al. 2014) . Different responses to low P between these plant species might be due to the fact that Arabidopsis is a non-mycorrhizal plant. However, we should be careful with generalizing root architectural changes when only studying one specific ecotype or variety for each species. For instance, various Arabidopsis ecotypes displayed a different root architectural response to low P conditions, suggesting that there is natural variation for this response and that it is genetically determined (Chevalier et al. 2003) . In Arabidopsis, in the presence of sufficient P, SLs have a suppressive effect on lateral root formation (Fig. 2) . Accordingly, SL-deficient mutants have a higher lateral root density . They also have a shorter primary root, not only in Arabidopsis, but also in rice and maize (Arite et al. 2012; Guan et al. 2012; Ruyter-Spira et al. 2011) . These phenotypes could only be rescued by the application of the synthetic SL analogue GR24 to the SL biosynthesis mutants, but not in those affected in signalling, indicating that SLs regulate root architecture in a MAX2-dependent manner Koltai et al. 2010; MayzlishGati et al. 2012; Ruyter-Spira et al. 2011 ). Kapulnik and co-workers also showed that the application of GR24 (1 and 3 μM) to Arabidopsis seedlings led to a MAX2-dependent increase in root hair length (Fig. 2) (Kapulnik et al. 2011a, b) .
The effect of SLs on the regulation of root system architecture (RSA) was shown to depend on the plant's P status Ruyter-Spira et al. 2011) . In contrast to the observed response in the presence of sufficient P, under P limitation SLs promoted lateral root development in Arabidopsis to improve P uptake ( Fig. 2 ) . The involvement of SLs in the regulation of root architecture occurs through its crosstalk with the phytohormones auxin and ethylene Koltai 2011; Ruyter-Spira et al. 2011) . In Arabidopsis, the expression of the auxin receptor TRANSPORT INHIBITOR RESPONSE1 (TIR1) was increased by low P levels. Interestingly, this increase only occurred in wild-type plants but not in the SL signalling mutant (Mayzlish-Gati et al. 2012 ). Therefore, SLs may regulate RSA by affecting auxin sensitivity. Lateral root development and primary root growth depend on auxin influx from the polar auxin transport stream, which is mainly fed by auxin produced in the apex and young leaves (Aloni 2013; Dubrovsky et al. 2011) . In Arabidopsis, GR24 application reduced the auxin level in young developing rosette leaves, resulting in a decreased leaf area . A logical explanation for this effect could be that because GR24 has an inhibitory effect on the auxin transport capacity of the polar auxin transport stream in the stem (Crawford et al. 2010) , auxin levels initially accumulate, which negatively feeds back on auxin biosynthesis. Interestingly, both GR24 application and low P conditions reduced auxin transport and the activity of the auxin reporter DR5::GUS in rice root tips, suggesting that, like in Arabidopsis, SL-mediated root development Fig. 2 Impact of phosphorus status on strigolactone production and plant development in Arabidopsis thaliana (ecotype Columbia). Phosphate (P) deficiency promotes strigolactone (SL) production in the roots, affecting plant architecture. Under these conditions, SLs are involved in reducing primary root growth, inducing lateral root density and development, and stimulating root hair elongation and density. These modifications allow the plant to increase the exploratory capacity of the soil. SLs are also transported to the shoot, where they inhibit shoot branching, hence increasing the root-to-shoot ratio is regulated via a reduction of auxin transport from shoot to root (Sun et al. 2014) . Indeed, GR24 has been shown to reduce the expression of the gene encoding the auxin efflux protein PIN1 in the stem (Crawford et al. 2010 ). Moreover, GR24 was found to rapidly (within 10 min) induce the depletion of PIN1 from the plasma membrane of stem xylem parenchyma cells (Shinohara et al. 2013) . Although GR24 application also caused a reduction of PIN1 protein levels in the provascular region of root tips , this was only observed after 6 days when seedlings were grown in the continuous presence of GR24, and is therefore likely a secondary effect due to reduced auxin import from upper parts of the plant. Still, a direct effect on auxin transport capacity in certain regions of the root tip cannot be excluded. Recently, it was indeed observed that GR24 stimulates polar localization of PIN2 in the plasma membrane of root epidermal cells (Pandya- Kumar et al. 2014) . Thus, SLs seem to regulate RSA by acting as modulators of the auxin flux hereby altering auxin levels according to the environmental conditions. With respect to the interaction with ethylene, it was proposed that SLs promote its biosynthesis, which in turn induces auxin biosynthesis, transport and signalling in the roots (Stepanova and Alonso 2009 ). This SL-ethylene-auxin cross-talk has only been proposed for the regulation of root hair elongation ), although it is very likely that it may also be involved in the regulation of lateral root development, as well as in other SL-mediated processes. Although we have some ideas about how SLs act in regulating root architecture, we are still far from understanding the exact mechanism and its regulation by environmental conditions. In addition, other phytohormones such as auxin, ethylene, ABA, gibberellins and cytokinins have been shown to be involved in RSA regulation and should be included in this complex signalling network.
Alternative strategies for P uptake: arbuscular mycorrhizas
The soil ecosystem is one of the main factors involved in nutrient cycling and plant productivity, which is intimately related to the associated microbiota (van der Heijden et al. 2008 ). Root architecture is not only of great importance for the uptake of nutrients and water, it is also vital for the anchorage in the soil and the interaction with symbiotic organisms (Den Herder et al. 2010 ). Alternatively to the 'direct pathway' of obtaining P by root hairs and lateral roots, another plant strategy to improve P acquisition is by establishing symbiosis with certain soil microorganisms such as AM fungi, the socalled 'AM pathway' (Smith and Read 2008; Smith and Smith 2011) . AM symbiosis is one of the most widespread plant associations with beneficial microorganisms. About 80 % of land plants, including most agricultural and horticultural crop species, are able to establish this type of symbiosis with fungi from the phylum Glomeromycota (Barea et al. 2005; Smith and Read 2008) . It is older than 450 million years and is considered a key step in the evolution of terrestrial plants (Smith and Read 2008) . By this mutualistic beneficial association, the fungus obtains photoassimilates from the plant to complete its lifecycle. In turn, it helps the plant in the acquisition of water and mineral nutrients, mainly P and nitrogen. AM fungi are obligate biotrophs that colonize the root cortex of the host plant, forming specialized and highly branched tree-like structures called arbuscules in the cells of the host, where the nutrient exchange between the two partners takes place (Genre et al. 2013; Gutjahr and Parniske 2013) . The hyphae of the fungus grow into the soil far beyond the root rhizosphere and develop an extensive hyphal network that takes up P via fungal high-affinity transporters (Harrison 2005; Smith and Smith 2011) , thus acting as 'helper roots' that can search for P beyond the P depletion zone. Accordingly, symbiosis establishment is promoted under P deficiency conditions (Table 1) (Fusconi 2014; Harrison 2005; Smith and Read 2008) . A stimulatory effect of nitrogen deficiency has also been reported (Table 1) , although its effect seems to be generally weaker than that observed for P (Correa et al. 2014; Nouri et al. 2014) . The levels of other essential mineral nutrients such as iron, potassium and calcium do not appear to exert any effect on mycorrhizal colonisation (Fusconi 2014; Nouri et al. 2014) .
Mycorrhizal plants can be colonized by several different species of AM fungi, suggesting that there is little host-specificity. However, there are differences in the symbiotic efficiency of one AM species on different plant species and different AM species display different capacity of colonisation on one plant species (Smith and Read 2008) . In general, AM symbiosis positively affects plant development and plant fitness, especially under unfavourable conditions. However, neutral or even negative effects on plant growth, attributed to P deprivation and an excessive carbon use by the AM fungus, have also been described (Grace et al. 2009; Li et al. 2008; Smith and Smith 2012) . The negative plant response to AM colonisation has been proposed to be associated with the reduced P absorption capacity by the 'direct pathway' induced by the symbiosis and to a lower P uptake capacity by the AM fungus through the 'AM pathway' (Smith and Smith 2012) . Therefore, searching for the optimal 'dance partner' is crucial for a mutualistic beneficial association.
It is well known that phytohormone homeostasis is altered during AM symbiosis establishment and functioning (Bucher et al. 2014; Foo et al. 2013a; Gutjahr 2014; Pozo et al. 2015) . Some phytohormones control the early steps of the interaction regulating root morphology and preparing the plant to accommodate the fungus, others are involved in later stages controlling the extension of colonisation and/or the lifespan of the arbuscules and some hormones can be involved at the different stages of the symbiosis. Despite their regulatory functions as plant hormones, SLs were initially identified as signalling molecules in the rhizosphere, where they were shown to act as hyphal branching factors of AM fungi of the Gigasporaceae and germination stimulants in a number of AM fungi of the Glomeraceae (Akiyama et al. 2005; Besserer et al. 2006) . It is proposed that plants themselves are able to actively influence the level of mycorrhizal colonisation by controlling the production of SLs depending on the P status (Table 1) (Foo et al. 2013b; López-Ráez et al. 2008a; Yoneyama et al. 2007 Yoneyama et al. , 2012 . However, the existence of additional molecular signals during the early stages of the interaction has been also suggested (Balzergue et al. 2011) . SL perception by a so far uncharacterized receptor in the AM fungus induces profuse hyphal growth and branching -the so-called pre-symbiotic stage -, increasing the chance of encountering the roots of the host plant and facilitating symbiosis establishment (Akiyama et al. 2005; Besserer et al. 2006) . Upon recognition of the fungal partner, the plant actively accommodates the fungus within the roots (Bonfante and Genre 2010; Gutjahr and Parniske 2013) , but also controls its proliferation and arbuscule development (Reinhardt 2007; Walter 2013) . While the importance of SLs in the initial stages of AM fungal colonisation is well accepted, it is not clear whether they also play a role in subsequent steps of the symbiosis.
In addition to SL signalling by the plant, and also before symbiosis establishment, AM fungi produce and release diffusible compounds -Myc factors and short chitin oligomers -into the rhizosphere that act as molecular cues indicating the presence of the fungus in the vicinity of the host root and inducing the plant responses required for a successful colonisation (Bucher et al. 2014; Genre et al. 2013; Maillet et al. 2011) . Myc factors consist of a mixture of sulphated and nonsulphated simple lipochito-oligosaccharides that have structural similarities with the rhizobial Nod factors (Maillet et al. 2011 ). Maillet and co-workers showed that these compounds are not only symbiotic cues that stimulate AM establishment, but also act as plant growth regulators affecting the formation of lateral roots, the AM fungal entry sites. Interestingly, it has been demonstrated that the addition of GR24 elicits the production of short chitin oligomers in the AM fungus Rhizophagus irregularis (formerly known as Glomus intraradices) (Genre et al. 2013 ). Therefore, it seems that both partners mutually sense each other and that they respond accordingly. Indeed, using a split-root system with tomato plants, we have recently observed that SL production was higher in roots inoculated with R. irregularis compared with non-inoculated roots during the early stages of interaction/colonisation . This observation suggests that the plant is really sensing the presence of the fungus and that it actively reacts to favour fungal development and symbiosis establishment by promoting SL production. SLs also promote lateral root formation (Ruyter-Spira et al. 2011), therefore, this initial fungal-mediated induction of SLs may serve to increase the number of colonisation sites.
The characterization and a better knowledge on the specificity of these pre-symbiotic signals should pave the way for the development of new environmentallyfriendly agricultural strategies based on AM symbiosis.
Effect of other abiotic stresses on SL production and AM symbiosis
In nature, plants are generally exposed to combinations of unfavourable environmental conditions. Besides a better nutrient supply, AM symbiosis provides also increased tolerance against other abiotic stresses such as heavy metals, drought and salinity (Aroca et al. 2013; Evelin and Kapoor 2014; Li et al. 2014; Ruiz-Lozano et al. 2012; Singh et al. 2011 ). So far, there are, however, no indications that these stresses also have an (positive) effect on symbiosis establishment, in contrast to P shortage.
Water-related stresses
In recent years, harmful effects of water-related stresses such as drought and salinity are rising dangerously, having a major impact on plant growth and development, and being the most important factors limiting crop productivity (Albacete et al. 2014; Sunil Kumar and Garampalli 2013) . Moreover, global change is contributing to spread these problems worldwide (Chaves and Oliveira 2004) . Therefore, improving the yield under these stress conditions is a major goal nowadays. A concept associated to the adaptation to water related stresses is the water use efficiency (WUE), defined as the amount of dry matter or harvestable yield produced per unit of water. AM symbiosis has the capacity to alter root hydraulic properties, thus helping the plant in the uptake of water under unfavourable conditions. As a consequence, mycorrhizal plants show a higher WUE and root turgor, alleviating the negative effects of water shortage on plant physiology (Al- Karaki et al. 2004; Augé et al. 2015; Bárzana et al. 2014; Li et al. 2014; Wu and Xia 2006) . This effect has been associated to an improved nutrient uptake in mycorrhizal plants, which promotes the photosynthetic capacity and growth Smith et al. 2010 ). However, the extent of the benefits depends on both the host plant and AM fungal species (Augé et al. 2015) . On the other hand, the expression of genes encoding aquaporins is altered in mycorrhizal plants which may play a role in the improved water status in AM plants, although their regulation depends on the type and severity of the stress (Aroca et al. 2007; Bárzana et al. 2014; Uehlein et al. 2007) .
Even though it is evident that under drought or salinity AM plants perform better than nonmycorrhizal ones, the effects of water-related stresses in AM symbiosis establishment is not clear and sometimes contradictory (Table 1) . Interestingly, an increased SL production under salt stress in the presence of the AM fungus R. irregularis was shown in lettuce (Table 1) (Aroca et al. 2013) , which might indicate the active promotion of symbiosis establishment. Similarly, the promotion of SL production in mycorrhizal plants has also been observed in lettuce and tomato under drought stress (López-Ráez et al., unpublished data). In both cases, the induction of SLs occurred in a dose-dependent manner, with the greatest increase under the strongest stress. A different behaviour was observed in the absence of mycorrhization under salinity or drought, where the stress reduced SL production also in a dosedependent manner (Table 1) (Aroca et al. 2013; López-Ráez et al., unpublished data) . A negative effect on SL production in the absence of mycorrhizal colonization has also been observed in Lotus japonicus plants subjected to osmotic stress (Table 1) (Liu et al. 2015) . These results might suggest that plants sense the presence of the AM fungus and that they respond by producing SLs under unfavourable conditions to improve colonization. A relationship between drought and salinity with SLs has also been proposed in the non-mycorrhizal plant Arabidopsis (Ha et al. 2014 ). Here, a positive effect of SLs on the tolerance to these stresses was observed. Ha and co-workers showed that SL-deficient mutants were hypersensitive to drought and salt stress, and that this phenotype was rescued by exogenous GR24 application. The authors also showed that wild-type plants treated with GR24 were more tolerant to these stresses than untreated plants (Ha et al. 2014 ). The results from lettuce, tomato and Arabidopsis suggest a different behaviour between mycorrhizal and non-mycorrhizal plants in response to water-related stresses. However, more knowledge is required to decipher how SL regulation is involved in these stress responses and how this regulation is affected by and/or affects AM symbiosis.
As in previous cases, the alteration in the phytohormone homeostasis in mycorrhizal plants has been implicated in the enhanced tolerance against these stresses and here, ABA signalling is the most studied pathway (Calvo-Polanco et al. 2013; Ruiz-Lozano et al. 2012) . ABA is considered as the 'stress hormone', as it accumulates rapidly in response to drought and salinity (Hong et al. 2013) . Interestingly, a reduction in ABA content has been reported in mycorrhizal roots (Aroca et al. 2008 (Aroca et al. , 2013 Duan et al. 1996; Estrada-Luna and Davies 2003; , suggesting that AM plants are less stressed than non-mycorrhizal ones. In contrast, when stressed, an increase in ABA content is generally observed in mycorrhizal plants (Aroca et al. 2013; Calvo-Polanco et al. 2013) , which has been associated with priming for increased stress tolerance. ABA is also necessary for a proper establishment and functioning of the AM symbiosis. It positively regulates arbuscule development and functionality (HerreraMedina et al. 2007; Martín-Rodríguez et al. 2011) . Thus, the increased ABA levels in stressed plants would serve to promote tolerance against stresses, but also to enhance and maintain the symbiosis. Interestingly, there also seems to be a relationship between ABA and SLs. It was shown that the tomato ABA-deficient mutants notabilis, sitiens and flacca, blocked at different steps of the ABA biosynthetic pathway, and wild-type plants treated with specific ABA inhibitors produced less SLs (López-Ráez et al. 2010b ). Moreover, a correlation between ABA and SL levels was reported in mycorrhizal lettuce plants subjected to salt stress (Aroca et al. 2013) . It seems, thus, that SLs play a dual role under stress conditions. On the one hand, they act as signalling molecules in the rhizosphere favouring AM symbiosis. On the other hand, they form part of the integrative plant hormonal response to unfavourable conditions, interacting with ABA and probably with other stressrelated phytohormones to maintain the symbiosis at an optimal level.
Other stresses
Studies on the influence of other abiotic stresses on AM symbiosis are scarce and usually contradictory. A negative effect of low temperature was reported in wheat and sorghum, while no effect was observed in rice (Table 1) (Augé et al. 2004; Hetrick et al. 1984; Liu et al. 2013 ). Conversely, a positive effect of high temperature on the symbiosis has recently been reported in Medicago truncatula (Table 1) (Hu et al. 2015) . In relation to heavy metals, an inhibitory influence of cadmium on the AM fungus Funneliformis mosseae (formerly Glomus mosseae) was detected in wheat (Table 1) , although mycorrhizal plants were more tolerant than non-mycorrhizal (Shahabivand et al. 2012) . A negative effect on AM colonisation was also observed for copper in maize (Table 1) (Hagerberg et al. 2011) . Aluminium affected different species of AM fungi in broomsedge (Andropogon virginicus), ranging from a negative to a positive effect, depending on the concentration (Kelly et al. 2005) . As far as we know, no data about the influence of these abiotic stresses on SL biosynthesis have been reported so far. In any case, it seems that, unlike for the nutritional stress, the effects of other abiotic stresses on SLs and AM symbiosis differ between different species of host plants and AM fungi and probably depend on the severity of the stress. Further research is required to ascertain whether this is the case, but also to understand whether and how these stresses regulate SL production and AM symbiosis, and vice versa.
SLs in other plant rhizosphere interactions

Plant-microbe interactions
The rhizosphere is the narrow soil zone surrounding plant roots and constitutes a very dynamic environment. In addition to AM fungi, it harbours many different organisms and is highly influenced by plant root exudates (Badri et al. 2009; Bais et al. 2006; Barea et al. 2005) . Recently, a role for SLs in another important beneficial plant-microorganism association in the rhizosphere -nodulation -was described (Fig. 1) (De Cuyper et al. 2015; Foo and Davies 2011; Soto et al. 2010) . Nodulation is established between legumes and certain rhizobacteria collectively known as rhizobia, and dates back about 60 million years (Garg and Geetanjali 2007) . This symbiosis is characterized by the development of nodules on the plant roots, where rhizobia fix atmospheric nitrogen, thus improving plant nutrition. Nodules provide the proper micro-environment for nitrogen fixation and nutrient exchange with the host plant in return for photoassimilates (Garg and Geetanjali 2007; Oldroyd and Downie 2008) . Accordingly, an increase in SL production under nitrogen deficiency has been shown to occur in pea (Table 1) (Foo et al. 2013b ), but also in some non-legume plant species such as rice, sorghum, wheat and lettuce (Table 1) (Jamil et al. 2011a; Yoneyama et al. 2007 Yoneyama et al. , 2012 . Just as for AM symbiosis, nodulation requires a high degree of coordination between the two partners based on a coordinated molecular communication (Murray 2011; Oldroyd and Downie 2008) . However, here SLs do not seem to act as host detection signals (Soto et al. 2010) . The chemical dialogue is initiated with the production and exudation of specific flavonoids by the host plant (Badri et al. 2009; Hassan and Mathesius 2012) . These flavonoids act as attractants for rhizobial bacteria and inducers of Nod factor biosynthesis, which are structurally similar to the AM fungal Myc factors (see above) (Maillet et al. 2011) . Although SLs do not seem to be involved in the pre-symbiotic stage, it has been shown that they are required for optimal nodule number formation (Foo and Davies 2011) . Foo and Davies observed that the pea SL-deficient mutant rms1 (mutated in CCD8) established about 40 % less nodules than the corresponding wild-type, and that the phenotype was partially rescued by exogenous GR24 application. Moreover, they showed that GR24 increased the nodule number in wild-type plants (Foo and Davies 2011) . More recently, in Medicago truncatula it was shown that the effect of GR24 on nodule number is dose-dependent (De Cuyper et al. 2015) . De Cuyper and co-workers showed that low concentrations (0.1 μM) of GR24 had a positive effect, while higher concentrations negatively affected the number of nodules. Therefore, SLs play an important role, albeit different, in two of the most important beneficial interactions in the rhizosphere, further confirming their biological and ecological relevance.
The implication of SLs in other plant-microbe interactions below-ground is not clear. Steinkellner and coworkers showed no response after GR24 application in other beneficial fungal species such as ectomycorrhizal fungi, Trichoderma and Piriformospora indica ). Regarding fungal pathogens, contradictory data have been reported. On the one hand, no direct effect was observed in fungal pathogens such as Rhizoctonia solani, Fusarium oxysporum f. sp. licopersici, Verticillium dahliae or Botrytis cinerea at low GR24 concentrations Torres-Vera et al. 2014) . On the other hand, a negative effect on growth was detected for fungi such as F. oxysporum f. sp. melonis, F. oxysporum f. sp. mango, Sclerotinia sclerotiorum or B. cinerea at higher GR24 concentrations ). Dor and co-workers also observed increased hyphal branching activity in F. oxysporum f. sp. melonis and S. sclerotiorum ). Thus, it seems that the effect of SLs on microbes depends on the fungal species and SL concentration.
Root parasitic plants
Long before the discovery of their function as phytohormones and signalling cues for symbiotic plantmicroorganism interactions in the rhizosphere, SLs were discovered to be germination stimulants of root parasitic plants of the Orobanchaceae, including the genera Striga (witchweeds), Orobanche and Phelipanche (broomrapes) (Fig. 1) (Bouwmeester et al. 2003; Cook et al. 1966) . These obligate parasitic weeds are some of the most damaging agricultural pests, affecting important crops such as rice, maize, sorghum, legumes, tobacco, sunflower and tomato worldwide. They can cause up to 70 % losses in crop yields (Gressel et al. 2004; Joel et al. 2007; Parker 2009 ). Broomrapes are generally found in more temperate regions such as southern Europe, the Mediterranean area, Central Asia and the Americas, and witchweeds appear in warmer areas, mainly in Africa (Parker 2009 ). Although these parasites affect different hosts in different parts of the world, their lifecycles are broadly similar, starting with seed germination in response to SLs (López-Ráez et al. 2009; Xie et al. 2010) . Upon germination, they attach to the roots of the host plant through a specialized organ called haustorium, and acquire all the nutrients and water they need to complete their lifecycle (Bouwmeester et al. 2003; Estabrook and Yoder 1998) . After emergence, they produce a large amount of seeds, increasing the seed bank in the soil, which is one of the major problems in the control of these parasites (López-Ráez et al. 2009; Xie et al. 2010 ). In addition, most of their life cycle occurs below-ground, making diagnosis difficult such that the parasites usually have already inflicted irreversible damage. As a consequence, these parasitic weeds are difficult to control. Cultural measures such as hand weeding, improvement of soil fertility, crop rotation, sanitation, fumigation or solarisation are being used, but without the desirable success (Joel et al. 2007; Rispail et al. 2007; Scholes and Press 2008) . Therefore, new strategies and/or a combination of different methods for a more effective control against these agricultural pests are needed.
Agronomical implications of SL signalling
AM symbiosis as biofertilizer and biocontrol agent
The 'Green Revolution' that took place after the Second World War, was accompanied by over-exploitation of the soil and an excessive use and abuse of agrochemicals such as fertilizers, pesticides and herbicides. Nowadays, due to the public concern about the side effects of these chemicals, there is increasing interest in finding alternatives for more environmentally friendly agriculture. AM symbiosis generally improves the growth of its host plant by facilitating water and mineral nutrient uptake, particularly under stress conditions, although negative effects have also been described, especially in cereals (Grace et al. 2009; Li et al. 2008) . Moreover, AM fungi are widely distributed and can colonise most agricultural and horticultural crop species. Indeed, AM fungi are occasionally being used as biofertilisers for enhancing plant growth and biomass production, although much less than conventional fertilisers (Barea et al. 2005; Duhamel and Vandenkoornhuyse 2013; Gianinazzi et al. 2010) . Considering the fact that AM symbiosis does also impact the plant's ability to overcome abiotic and biotic stresses, they may not only serve to improve plant nutrition, but also as a biocontrol strategy against different environmental stresses.
SLs are important for AM symbiosis establishment (Akiyama et al. 2005; Besserer et al. 2006; Foo et al. 2013b; Gomez-Roldan et al. 2008; Kohlen et al. 2012) . Therefore, breeding for cultivars with high SL production potentially is a strategy to improve mycorrhizal colonisation under agronomical conditions. Alternatively, this could be achieved by the exogenous application of natural SLs or synthetic analogues. On the other hand, we have described above that stress conditions such as nutrient deficiency, drought or salinity influence SL biosynthesis. Thus, another way of promoting AM symbiosis might be by applying controlled stress conditions that do not negatively affect the plant too much. However, when applying these approaches we should keep in mind that SLs are also germination stimulants of root parasitic plants and that they are involved in multiple physiological functions within the plant. In addition, each plant species is producing a different blend of SLs, which may also depend on the developmental stage and environmental conditions (Ćavar et al. 2014; Xie et al. 2010) , although very little is known about their specificity. Therefore, a better understanding of their structure-activity relationship and biology is essential prior to its application. Some progress has already been made, and the effect of structural differences between SLs on AM fungal branching activity, parasitic weed seed germination and shoot branching have been demonstrated (Akiyama et al. 2010; Boyer et al. 2012 Boyer et al. , 2014 Yoneyama et al. 2009 ). Interestingly, SL specificity in transport in and ex planta has also been reported (Kohlen et al. 2012 ). Kohlen and co-workers showed that certain SLs are mainly exuded into the rhizosphere, while others are preferentially loaded into the xylem and transported to the shoot. Elucidation of SLs potentially specific for host plant-AM fungus interaction will definitively contribute to a better implementation of AM symbiosis in agro-ecosystems.
Management strategies against root parasitic plants based on SLs As mentioned above, root parasitic plants are difficult to control because most of their life cycle occurs belowground. Since these parasites exert the greatest damage prior to their emergence, such strategies should mainly focus on the initial steps of infection, particularly seed germination triggered by SLs and attachment (Fernández-Aparicio et al. 2011; López-Ráez et al. 2009; Yoder and Scholes 2010) . Breeding for cultivars with reduced SL production and/or exudation could be a suitable strategy to combat these pests. Indeed, it was shown that the low SL producing tomato mutants Sl-ORT1 and high pigment-2 (hp-2 dg ) are more resistant to infection by different Orobanche and Phelipanche species than the corresponding wild-types (Dor et al. 2011b; López-Ráez et al. 2008b) . Genetic variation for low SL production has also been described in other important crops such as sorghum, rice and faba bean (Dor et al. 2011b; Fernández-Aparicio et al. 2014; Jamil et al. 2011b; López-Ráez et al. 2008b; Satish et al. 2012) . In sorghum, this genetic variation was used to breed for Striga resistant varieties for use in Africa (Ejeta 2007) . In rice, cultivars with lower SL production also displayed reduced infection by Striga hermonthica (Jamil et al. 2011b) . Similarly, root exudates from faba bean lines resistant against Orobanche and Phelipanche spp. showed low levels of SLs (Fernández-Aparicio et al. 2014 ). An alternative approach to obtain resistant plants by reducing SLs is through biotechnology, targeting biosynthesis genes. Indeed, ccd7 and ccd8 mutants from different plant species showed a reduced production of SLs (Drummond et al. 2009; GomezRoldan et al. 2008; Kohlen et al. 2012; Ledger et al. 2010; Umehara et al. 2008; Vogel et al. 2010) . Genetic engineering using RNAi technology on the tomato CCD7 and CCD8 genes resulted in a significant reduction in SLs, which correlated with a lower germination of P. ramosa seeds (Kohlen et al. 2012; Vogel et al. 2010) and decreased P. ramosa infection of the transgenic tomato lines in pot experiments (Kohlen et al. 2012) .
AM symbiosis to control root parasitic plants
The fact that SLs play a dual role in the rhizosphere as host detection cues for these parasites and for AM fungi also opens up another possibility to develop new control strategies. It was shown that AM symbiosis in cultivars of maize and sorghum led to a reduction in S. hermonthica infection in the field (Lendzemo et al. 2005 ). Lendzemo and co-workers proposed that this reduced infection was caused, at least in part, by a reduction in the production of SLs in mycorrhizal plants. Similarly, exudates from AMcolonized lettuce, pea, and tomato plants induced less germination of Orobanche and Phelipanche spp. seeds compared with non-colonized plants (Aroca et al. 2013; Fernández-Aparicio et al. 2010; López-Ráez et al. 2011a ). In the case of tomato, it was shown that this reduced germination was caused by a decrease in the production of SLs and that this depends on a fully established symbiosis (López-Ráez et al. 2011a ). This down-regulation of SL production likely represents a mechanism to prevent excessive colonisation that could be metabolically costly for the plant, a mechanism known as autoregulation (Staehelin et al. 2011 ). The results from maize, sorghum, pea, tomato, sunflower and lettuce suggest that the AM-associated decrease in SLs is conserved across the plant kingdom. Since AM fungi colonize roots of most agricultural and horticultural species, AM symbiosis could be used as an environmentally-friendly biocontrol strategy against these root parasites. Interestingly, these crops would also take advantage of all the other well-known benefits of the symbiosis.
All these examples indicate that the development of new strategies to improve crop production and reduce pest infestation by targeting SLs is feasible. However, since SLs are also phytohormones regulating different processes within the plant and affect other beneficial associations in the rhizosphere, the effect of altering SL production should be carefully evaluated before application in agro-ecosystems to avoid possible undesired side-effects.
Future perspectives in SL research and their use in agriculture
Experimental evidence illustrates the biological and ecological importance of SLs in the rhizosphere. Unravelling new roles and functions for the different SLs in and ex planta is therefore exciting and promising. Their multifunctional nature opens up a wide range of possibilities for potential applications in agriculture. A number of studies points to differences in biological specificity of individual SLs, although we are still far from a full understanding of how this mechanistically works. Further research on the requirements for specific SLs in the different biological processes should expand our understanding about the biological processes occurring belowground (Box 1). Moreover, an in-depth knowledge of the mechanisms that regulate SL production and release, and about how they are affected by different environmental conditions is required (Box 1) in order to allow us to exploit the full potential for these signalling molecules in agriculture.
Box 1. Outstanding research questions. 
